The aim of the study is to develop Pavement Maintenance Management System (PMMS) for four road sections of urban road network (Patiala, Punjab, India) 
Introduction
Construction of road network involves substantial investment and therefore proper maintenance of these assets is of paramount importance. It is found that the actual available maintenance expenditure amount is much less than what is required for urban roads. It is a complex problem of matching of resources, time, materials, labour, equipment, funds, design and decision making. Therefore, maintenance and preservation of pavements should have a great national interest. Pavement Maintenance Management System (PMMS) consists of a comprehensive, coordinated, sets of activities associated with the planning, design, construction, maintenance and evaluation. Thus, PMMS can be used in directing and controlling maintenance resources for optimum benefits. Indeed, as a developing state, Punjab (India) pavements have some threats like increase rate of deterioration, rapid traffic growth, poor maintenance, overloading of vehicles, improper design and implementation, insufficient information for decision making and inefficient current traditional management system. Therefore, it is very essential to develop PMMS for the urban roads of Punjab and in this study, Patiala city has been taken to develop PMMS. Highway Development and Management Tool (HDM-4) was developed by World Bank to offer a powerful system for road maintenance and investment alternatives analysis, Archondo-Caallao [4] . HDM-4 analytical framework is based on the concept of pavement life cycle analysis. This is applied to predict road deterioration effects, work effect, user effect etc. Many researchers are working on the development of PMMS and effect of road surface deformations (Aydin and Topal [5] , Ben-Edigbe [7] , Ben-Edigbe and Ferguson [6] , Ghasemlou et al. [9] , Kerali et al. [16] , Pienaar et al. [26] , Aggarwal et al. [1] , Aggarwal et al. [2] , Shah et al. [29] , Girimath et al. [10] , Gupta et al. [11] ). Jain et al. [14] calibrated the HDM-4 pavement deterioration models for Indian National Highway Network located in the Uttar Pradesh and Uttaranchal states of India. They developed pavement performance prediction models for the major modes of distress, including cracking, raveling, potholes, and roughness on the basis of collected data. They also compared Indian deterioration models with HDM-4 deterioration models. Gupta et al. [11] determined the remaining service life of three road sections of Panchkula (Haryana). They concluded that from remaining service life values, all the selected road sections (in their study) would become candidates for reconstruction within 4 to 6 years without any maintenance work assigned during analysis period. Aggarwal et al. [3] developed PMMS for five Indian National Highway network using HDM-4 model; five National Highways, all were within the boundaries of Dehradun & Haridwar districts of Uttarakhand state and Saharanpur & Muzaffarpur districts of Uttar Pradesh state, comprising of total length of 310 km. Naidu et al. [24] developed maintenance management plan based on economics of life cycle costs using HDM-4 and he selected Inner Ring Road of New Delhi in his study. Dattatreya et al. [8] carried out a study on primary roads of Bangalore Metropolitan Development Authority Area. On the basis of their study, the requirements for the first stage road improvement program were worked out, consisting of strengthening and resurfacing of pavements, improvements in the drainage system and sidewalks and adopting measures to prevent early damages to pavements due to the leakage of water from pipes underneath the pavements and cutting of pavements across the roads at frequent intervals to take the service lines. Reddy et al. [28] developed a method of allocation of maintenance and rehabilitation costs based on the volume of commercial vehicles duly considering the load carried by them and the performance of pavements. They determined the cost allocation strategy for optimum maintenance and strengthening considering the yearly increase in vehicle operation cost due to the cumulative traffic loading during the analysis period. Reddy and Veeraragavan [27] developed a simple priority-ranking module that provided a systematic procedure to prioritize road pavement sections for maintenance depending upon the budget constraints. In their module, pavement sections under the jurisdiction of a highway agency were prioritized based on an overall pavement performance index derived from a combination of pavement surface distresses, traffic information and expert opinion. Jain et al. [15] developed optimum maintenance and rehabilitation strategy for multilane national highways by using programme analysis component of HDM-4 software. They had selected one expressway (from Noida to Greater Noida) divided into five sub-sections and one National Highway (NH-24, GhaziabadHapur) divided into eight sub-sections. They concluded that M&R strategy which had higher NPV/CAP ratio was considered as optimum for the road section. On the basis of the economic analysis summary, they selected '25 mm SDBC Reseal and 40 mm BC overlay' for Expressway sections and for NH-24 sections 'Thick Overlay of 40 mm BC' as the optimum M&R strategy having the maximum NPV/Cost among other alternatives.
The literature of PMMS for Indian road conditions revealed that there is no any PMMS developed for Indian urban roads and all the related studies of PMMS have been done for high category roads like national highways and expressways. The aims of the present study are to develop PMMS for urban road network of Patiala (Punjab, India) using HDM-4 model to determine optimum Maintenance and Rehabilitation (M&R) strategy for road sections of Patiala city using Project Analysis in HDM-4 model, prioritize Patiala city road sections based on optimum M&R strategy and to perform the comparative analysis of scheduled and condition responsive M&R strategies. The analysis period of 12 years (2017-2028) and for optimum M&R strategy Net Present Value (NPV)/Cost ratio have been taken.
Materials and Methods

Selection of Urban Road Sections
Patiala city (Punjab, India) has urban road network comprising of 52 road sections. The whole road network comes under the jurisdiction of Punjab Roads and Bridges Development Board (PR & BDB). In the present study, four road sections of Patiala each comprise of one km stretch have been selected and details of selected road sections of city have been shown in Table 1 .
Data Collection and Analysis
Primary data for PMMS include pavement condition ratings, costs, roadway construction and maintenance history as well as traffic loading. To identify and evaluate pavement conditions and determine the causes of deterioration, a pavement evaluation system should be developed that is rapid, economical and easily repeatable. For this, pavement condition data has been collected periodically to document the changes of pavement condition. 
Pavement History Data
Pavement history data (type of pavement, year of last construction, surfacing and maintenance) has been collected from Public Works Department (PWD) office and Municipal Corporation of Patiala records from the year 2011 and 2015, Government of Punjab [17] . Details of pavement history data of road are presented in Table 3 . 
Functional and Structural Evaluation of Road Pavements
The functional evaluation like roughness measurement survey has been conducted to assess the riding comfort and safety over the pavement section as experienced by road users. Road roughness refers to surface irregularities in the longitudinal direction and has been measured with fifth wheel bump integrator or simply known as 'Roughometer'. The equipment has been towed by pick-up and operated with speed of 30 kmph and shown in Figure 1 . Accumulated bumps (in cms) has been noted down corresponding to length travelled (in km).
Unevenness Index (UI) = Bumps in cm/ Length travelled in km (1) UI value has been converted into International Roughness Index (IRI in m/km) by using the following equation given by Odoki and Kerali [25] :
The structural evaluation has been carried out to assess the pavement's structural ability to receive wheel loads plying over it using rebound deflection measurements with the help of 'Benkelman Beam Defection (BB def )Test' as shown in Figure 2 . The test was conducted as per IRC: 81-1997 guidelines [12] . The Adjusted Structural Number (SNP) was calculated from deflection values by using the following equation given by Odoki and Kerali [25] and Table 4 presents the functional and structural evaluation data and Table 5 presents calibration factors for HDM-4 deterioration models.
For granular base courses BB def = 6.5 * (SNP) Aggarwal et al. [1] proposed the calibration factor is equal to 0.85 for National Highway Network when SNP range was of 3.0 -5.3. It can be observed from Table 4 Table 8 . 
Maintenance and Rehabilitation Works Data
Maintenance serviceability levels for urban roads are suggested by Ministry of Road Transport and Highways (MORT&H) [23] . The suggested serviceability levels and the limiting levels of surface defects based on measurement of roughness, cracking, rutting etc. as per, (MORT&H, [23] ), are given in Table 9 . 
Cost Data of M&R Works
For the present study, the costs specified for urban roads in MORT&H, [19] is applicable.
The cost (given in MORT&H, [19] ) is relevant for the base year 1999-2000 and to include the effect of inflation, these costs are necessitated to be updated for application in consequent years. This has been made possible by provision of a mathematical model for annual updation of costs by linking labour component of the costs with Consumer Price Index (CPI), material component with Wholesale Price Index (WPI) and machinery component with average price of fuel (MORT&H, [19] ). 
Road User Cost (RUC) Data
Road User Cost (RUC) consists of three components i.e., Vehicle Operating Costs (VOC), Travel Time Costs (TTC) and Accident Costs (AC). VOC is the dominating component in RUC.
In present study, VOC component has been considered and has been calculated as per Clause 6.6 (Annexure C) and Clause 6.9 of IRC SP: 30, [13] . Table 11 shows vehicle operating cost data input per 1000 vehicles-km and economic cost (exclusive of tax) has been considered here.
Proposed M&R Alternatives
Four M&R alternatives have been proposed for this objective and given in Table 12 (keeping in mind the serviceability level of other roads).
Comparative Study of Scheduled and Condition responsive M&R Strategies
Comparison of adopting a scheduled type M&R strategy against a condition responsive M&R strategy for individual road section throughout the analysis period has been done. Analysis period was taken as 12 years, start year with 2017 and PR-01 has been selected for Patiala city urban road network. Discount rate of 12 % has been taken for present study. 
Proposed M&R Alternatives
The Scheduled M&R strategy has been chosen as per the current maintenance norms provided in MORT&H, [19] , where as the Condition Responsive M&R strategy has been selected as per the serviceability levels up to which the respective pavement section is to be maintained (Guidelines for Maintenance of Primary, Secondary and Urban Roads, MORT&H, [22] ). Proposed M&R Alternatives have been presented in Table 13 .
Results and Discussions
Determination of Optimum M&R Strategy for All the Selected Road Sections
Economic analysis for the selected roads has been done with discount of 12% (Clause 7.8, IRC: SP: 30, [13] ). As a result of this analysis, the road pavement deterioration/works reports and M&R works reports have been generated corresponding to each M&R alternative considered. The Roughness progression graphs of all the four alternatives for all the four road sections are shown individually from Figure 3 to Figure 6 . The roughness progression has been traced to know whether the works have been correctly triggered according to the specified intervention criteria or not. Roughness is considered to be the most useful indicator of the pavement deterioration, or average condition of the pavement section at any given point of time. The effect of the works to be carried out under each M & R strategy, on average roughness of the selected pavement sections has been shown in Figure 3 to Figure 6 . The progression of roughness can be tracked to check that the works have correctly triggered according to the specified intervention criteria; as for road section PR-04(shown in Figure 6 ), 'reconstruction' has been triggered under Alternative 3 at the end of the year 2022 (peak value in PR-04 with Alternative 3 graph line) for the road section PR-04, when the average roughness value for the pavement section has crossed the intervention level of 8m/km IRI. Similarly, Alterative 2 of 'overlay' has been triggered, when roughness value exceeds 5.8 m/km IRI, in the year 2022. This application of overlay has been indicated by drop in roughness value to 4.0 m/km. The year-wise summary report of each alternative for all the road sections have been mentioned in Table 14 to Table 16 . This report has given the description of works that would be implemented in each year of the analysis period (2017-2028), under each M&R strategy. Year-wise summary reports for all the four road sections corresponding to each alternative presented in Table 15 to Table 16 . In Table 16 Table 15 . Alternative 3 i.e., 'reconstruction' will be applied in year 2023 for PR-02 and PR-04 and in year 2024 for PR-01 and PR-03 as shown in Table 16 . Selection of optimum M&R strategy by economic analysis has based on any of the economic indicators i.e., Net Present Value/Cost (NPV/Cost) Ratio, Internal Rate of Return (IRR) or Net Benefits. In the present study, economic indicator NPV/Cost ratio has been considered for selection of optimum M&R strategy for all the road sections. The summaries of economic analysis for all the road sections are shown in Table 17 to Table 20 . On the basis of economic analysis of each alternative for all the road sections, optimum M&R strategy has been selected. The alternative which has higher NPV/Cost ratio for any road section compared to the other predefined alternatives, is selected as optimum M&R strategy for that section. Table 21 shows the optimum M&R alternative selected for each road section. 
Prioritization of Road Sections Based on Optimum M&R Strategy
Based on optimum M&R strategy of the road sections, prioritization of all the road sections has been done. Higher the NPV/Cost ratio of optimum M&R strategy of the road section, higher will be the prioritization ranking of that road. Table 22 shows the prioritization ranking of road sections based on optimum M&R strategy. 
Comparative Analysis of M&R Strategies
The Roughness progression graph of all the three alternatives for PR-01 has been shown in Figure 7 . The roughness progression has been traced to know whether the works have been correctly triggered corresponding to the specified intervention criteria. In case of 'Condition Responsive Overlay' alternative, overlay work has been triggered as soon as the roughness value reaches 4 IRI. But in case of Scheduled overlay alternative, overlay work has been triggered in every five years, but roughness value of IRI is equal to 2.4 m/km or even less, which is well below the limiting value of IRI is equal to 4 m/km (serviceability level for other roads). The various work items resulting from the two M&R alternatives specified, as triggered by the respective intervention parameters and timings of their application are shown in Table 23 . Total road costs for both M&R alternatives have been shown. The cost comparison of the two defined M&R alternatives clearly shows that in case of adopting Scheduled type M&R strategy, road agency will have to spend Rupees 5.811 millions on overlaying the road section three times throughout the period of 12 years. However, in case they adopt Condition Responsive type M&R strategy, the agency may have to spend only Rupees 1.937 million on overlaying the road section one time through the same period. In adopting the Scheduled type M&R strategy, the road agency will have to spend about 3 times more than the cost of Condition Responsive M&R strategy. Hence, there will be huge net saving in cost in case of Condition Responsive type M&R strategy as compared to scheduled type M&R strategy. The Condition Responsive M&R strategy can hence be affirmed as cost effective M&R strategy. 
Conclusions
 The optimum M&R strategy for all road section of Patiala city road network has been determined successfully based on highest NPV/cost ratio using HDM-4. Amongst a number of defined M&R strategies; Alternative 1 i.e., 'Resealing + Thin Overlay' has been selected as optimum M&R strategy for all the road sections. Hence, the use of PMMM techniques can lead to a coordinated, cost-effective strategy for maintaining pavements.  On the basis of optimum M&R strategy, prioritization of road sections for maintenance works has been successfully done for all the road sections. In case of constrained budget, maintenance of road sections could be done based on prioritization ranking of road sections i.e., first preference will be given to PR-04, second to PR-01, third to PR-02 and last preference will be PR-03 for maintenance work. The HDM-4 model effectively prioritizes all the road sections for the present study. Since, prioritization is a decision making process, designers must use good models like HDM-4 before taking important decisions.  Comparative study of Scheduled type and Condition Responsive type M&R strategies has been successfully carried out for Bhadson Road section. The cost comparison of the two defined M&R alternatives clearly show that in adopting the Scheduled type M&R strategy, the road agency will have to spend about 3 times higher than the cost of Condition Responsive M&R strategy. Condition Responsive M&R strategy is hence chosen as the cost effective M&R strategy.
